Abstract The response of the Martian ionosphere to solar activity is analyzed by taking into account variations in a range of parameters during four phases of the solar cycle throughout [2005][2006][2007][2008][2009][2010][2011][2012]. Multiple Mars Express data sets have been used (such as Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) in Active Ionospheric Sounding, MARSIS subsurface, and MaRS Radio Science), which currently cover more than 10 years of solar activity. The topside of the main ionospheric layer behavior is empirically modeled through the neutral scale height parameter, which describes the density distribution in altitude, and can be used as a dynamic monitor of the solar wind-Martian plasma interaction, as well as of the medium's temperature. The main peak, the total electron content, and the relationship between the solar wind dynamic pressure and the maximum thermal pressure of the ionosphere with the solar cycle are assessed. We conclude that the neutral scale height was different in each phase of the solar cycle, having a large variation with solar zenith angle during the moderate-ascending and high phases, while there is almost no variation during the moderate-descending and low phases. Between end-2007 and end-2009, an almost permanent absence of secondary layer resulted because of the low level of solar X-rays. Also, the ionosphere was more likely to be found in a more continuously magnetized state. The induced magnetic field from the solar wind, even if weak, could be strong enough to penetrate more than at other solar cycle phases.
Introduction
The dayside ionosphere of Mars consists mainly of two layers. In general terms, the peak of the main layer is located between 125 and 140 km altitude with a typical electron density variation of 0.4-2 · 10 11 el/m 3 depending on solar zenith angle and solar activity [e.g., Whitten and Colin, 1974; Gurnett et al., 2005; Witasse et al., 2008; Peter et al., 2014] and is primarily produced by solar extreme ultraviolet (EUV) photons [e.g., Schunk and Nagy, 2009] . A secondary layer with a peak located at around 110-115 km altitude is formed mainly by soft X-ray solar photons with a significant contribution to the ionization due to secondary electrons and photoelectrons [e.g., Schunk and Nagy, 2009] . This layer is considerably weaker than the main peak and is not always formed, but when present, it is not negligible since it can contribute up to about 10% of the total electron content (TEC) [Sánchez-Cano et al., 2015a] . Because the plasma is in hydrostatic equilibrium up tothe ionosphere [Shinagawa and Cravens, 1989; Witasse, 2000; Morel et al., 2004; Sánchez-Cano et al., 2015b] . However, the solar cycle is the feature which can play one of the most important long-term roles in ionospheric variability [Withers et al., 2014; Bougher et al., 2015a; Sánchez-Cano et al., 2015b] . Variations in EUV flux during the different phases of the solar cycle produce changes in the neutral atmosphere and, as a consequence, also in the ionospheric temperatures and densities. Additionally, the solar wind is different for each phase of the solar cycle, such as the interplanetary magnetic field (IMF) or the velocity of the solar wind [e.g., Imber et al., 2013] . This produces variations in the transport and ionization rates in the ionosphere. These factors combine to form a complex environment that modulates the Martian ionospheric environment by creating different couplings between the neutral atmosphere and the ionosphere, induced magnetic fields at lower altitudes, etc.
The recent work of Sánchez-Cano et al. [2015b] showed that at least for a narrow range of solar zenith angle (χ, SZA), there was a clear difference in behavior of the Martian ionosphere during the solar cycle, and in particular during the recent extended low solar activity phase, where a large density reduction in the topside was found. The objective of this paper is to extend that work to broader solar zenith angle and altitude ranges by taking into account the different phases of the solar cycle and multiple Mars Express data sets. In this context, the general response of the Martian ionosphere to the solar activity is empirically modeled. This study includes assessment of the following. (1) The behavior of the topside main layer is analyzed through the neutral scale height parameter. (2) Variations in the peak characteristics of the main layer are assessed. (3) A possible anomalous behavior of the secondary layer for the extreme solar minimum phase between end-2007 to end-2009 is examined. (4) The daily TEC variation during the solar cycle is evaluated, as well as compared with the empirical modeling. (5) As a by-product, the daily neutral and plasma temperatures at the main peak altitude are obtained. Finally, (6) an estimation of the solar wind-ionosphere interaction along the solar cycle is presented by considering the relationship between the dynamic pressure of the solar wind and the maximum ionospheric thermal pressure. Figure 1 shows various parameters describing the solar output in the first 10 years of the Mars Express mission at Mars: the sunspot number (SSN) in the first panel, the EUV solar irradiance measured by Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics (TIMED)-Solar EUV Experiment (SEE) satellite at a wavelength of 30.5 nm at 1 AU in the second panel, the EUV solar irradiance at 30.5 nm scaled to the Mars heliocentric distance in the third panel, and the X-ray background radiation measured by the GOES family of satellites extrapolated to the Mars location in the fourth panel. The EUV solar irradiance of 30.5 nm has been selected as the most representative wavelength able to ionize the Martian ionosphere since it is the closest wavelength measured by TIMED to the Helium 30.4 nm intense line of the spectrum, which causes the major ionization of the CO 2 molecule in the Martian atmosphere [Frahm et al., 2006] . Nevertheless, we note that wavelengths from 1 to 90 nm could play an additional notable role in the CO 2 ionization [Girazian and Withers, 2013] . In order to investigate the ionospheric response to solar cycle changes, following exactly the same criteria as Sánchez-Cano et al. [2015b] , four periods in the solar cycle were created according to notable changes in the four parameters of Figure 1 altogether.
Data Set
1. Period A. From the Mars Express MARSIS radar (described later) deployment in mid-June 2005 until midSeptember 2007. This period was characterized by moderate solar activity in the declining phase of solar cycle 23. The level of EUV 30.5 nm irradiance at Mars was between 1.2 · 10 À4 and 1.9 · 10 À4 W/m 2 , while the X-ray flux at Mars was larger than 10 À7 W/m 2 at the very beginning of the period and then always lower than 10 À7 W/m 2 .
2. Period B. From mid-September 2007 to mid-September 2009. This period corresponds to the low solar activity phase of solar cycle 23/24, which was particularly low and longer than in previous solar minima [e.g., Solomon et al., 2010] . The level of EUV 30.5 nm irradiance at Mars was lower than the minimum of period A during most of 2008 (1.0-1.2 · 10 À4 W/m 2 ) while reaching similar levels to period A for the rest of the phase (1.2-1.6 · 10 À4 W/m 2 ). The variation is a consequence of the planet's orbital distance from the Sun. Moreover, the whole period is characterized by a notable reduction in the X-ray flux background at Mars, which was lower than 10 À8 W/m 2 (i.e., lower than the solar X-ray catalog threshold).
3. Period C. In order to assess the impact of the variation of the EUV spectrum at Mars as a result of the planetary orbital distance, Sánchez-Cano et al. [2015b] showed that for a narrow solar zenith angle interval, the Martian topside TEC behavior of the main layer as a function of the EUV solar irradiance at 30.5 nm at Mars was different depending on the solar cycle phases. Particularly, TEC did not indicate any significant dependence on the EUV flux during the low solar activity phase, while during the other three periods, TEC showed an ascending linear trend with EUV flux. This indicated that the Martian ionospheric behavior, for the same level of solar activity (see, e.g., Figure 1 , third panel), is different depending on the solar cycle phases, especially for the low solar activity phase.
The Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) [Picardi et al., 2004] onboard Mars Express spacecraft [Chicarro et al., 2004] has been probing the ionosphere of Mars since mid-June 2005 [Orosei et al., 2014] . This instrument has two different operational modes, from which different ionospheric parameters can be obtained. In the Active Ionospheric Sounding (AIS) mode [Gurnett et al., 2005] , MARSIS works as a topside ionospheric sounder, providing the vertical electron density profile of the topside ionosphere as a data product 
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10.1002/2015JA022281 [Sánchez-Cano et al., 2012; Morgan et al., 2013] . In the subsurface mode [Gurnett et al., 2005] , MARSIS works as a geophysical radar to analyze the subsurface of the planet, and from this, the TEC of the entire atmosphere can be retrieved as a by-product [Safaeinili et al., 2007; Mouginot et al., 2008; Cartacci et al., 2013] .
To investigate the solar zenith angle-dependent ionospheric response to solar cycle variations, this study has analyzed a total of 2814 AIS topside vertical electron density profiles. The basic selection criteria of these profiles are exactly the same that are explained in Sánchez-Cano et al. [2015a , 2015b . Specifically for this study, these profiles come from areas without large crustal magnetic anomalies [Acuña et al., 1999] because the objective is to understand the general behavior of the "normal condition" ionosphere across a long time period, and the presence of crustal magnetic fields can locally alter any ionospheric interaction with the solar wind. For similar reasons, data from orbits affected by strong and fast solar inputs, such as interplanetary coronal mass ejections (ICMEs) or co-rotating interaction regions (CIRs), were not considered because they need to be independently modeled. These data were identified primarily by using Earth as a monitor of the solar wind when Mars and Earth were in conjunction. Since this is not always the case, we looked at the magnitude of the magnetic field at the spacecraft altitude in the ionograms [see Akalin et al., 2010] . The orbits were discarded when the magnetic field magnitude was larger than 50 nT and the field did not come from crustal fields as seen by the Cain et al.
[2003] magnetic field model and also when a compressed Martian plasma system was observed due to the impact of these solar wind structures as described in, e.g., Opgenoorth et al. [2013] .
Due to the Mars Express orbital evolution, there is an almost total absence of MARSIS AIS measurements for SZA smaller than 40°in periods C and D. As a consequence, and in order to avoid transport processes at the day-night terminator (SZA = 90°), this work is focused on data with SZA between 40 and 85°. Furthermore, when possible, AIS data were selected in order to cover the time interval of each solar cycle period as much as possible. However, for some specific time intervals (e.g., during MARSIS subsurface mode campaigns), the temporal coverage was limited by the scarcity of AIS data.
Ionospheric Behavior During Solar Cycle 23/24
3.1. Behavior of Topside Ionosphere in the Photochemical Region
The ionosphere can be described with the Chapman formulation if the basic assumptions described by Chapman [1931a Chapman [ , 1931b are fulfilled, such as the atmospheric layers are horizontally stratified, electrically neutral, consist of a homogeneous gas formed by a single component with constant temperature, and remain in equilibrium. Additionally, the incoming radiation is monochromatic and each photon produces a single electron. The atmosphere has to be in hydrostatic equilibrium, and the neutral density of the atmosphere needs to decrease exponentially with altitude. Incoming solar radiation ionizes the neutral atmosphere. The solar flux is a maximum at the top of the atmosphere and decreases exponentially with altitude, as it interacts with the increasing neutral density. Due to a dynamic balance between the relative rates of ion production, loss processes, solar flux, and neutral population, an ionospheric layer is formed with at least one peak at an altitude which depends on this balance [Rawer, 1993] . The density profile, N (h), of this layer is defined as
where N χ = 0 and h χ = 0 are the electron density and height of the maximum production rate when the Sun is overhead (χ = 0) respectively, H is the neutral scale height, and Ch is the Chapman grazing incidence function [Chapman, 1931b] , which includes the curvature of the atmosphere.
The shape of the vertical density profile is parametrized by the scale height, H. This parameter represents the vertical distance over which the density and pressure fall by a factor of 1/e. Physically, the scale height depends on the temperature (T) and composition (m) of the medium, as well as on the gravity (g) of the planet and the Boltzmann constant (K B )
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This scale height can be used to define the behavior of both neutral and plasma (ions and electrons) components. However, this study has been done in relation to the neutral scale height since this is appropriate for the Chapman formulation as described above.
The Chapman formulation considers that the ionosphere in the photochemically controlled region can be represented with a constant scale height, H, as if it were uniform in composition and in temperature. Nevertheless, Chapman [1931a] predicted that H itself has a slow variation with height, which was, to a first order, neglected. Using AIS data from the MARSIS instrument, Sánchez-Cano et al. [2013] demonstrated that the Martian topside ionosphere is better reproduced with a neutral scale height with a linear variation in altitude, following the form
where H 0 is the neutral scale height at the peak layer, h 0 is the peak altitude, and a is the normalization factor which provides the degree of variation in altitude.
Each AIS topside profile suitable for this study was numerically fitted by a Chapman layer (equation (1)) with a linearly variable neutral scale height (equation (3)). The procedure is exactly the same as that followed by Sánchez-Cano et al. [2013] . At the end of the process, values for H 0 and a were acquired for each AIS profile. Then, linear regressions for the derived H 0 and a values as a function of the solar zenith angle were conducted for each solar cycle period. In principle, a is expected to have a linear variation with SZA and H 0 an exponential one [Sánchez-Cano et al., 2013] . However in this work, we consider that a linear behavior for H 0 with respect to SZA better represents the data for the four solar cycle periods, as the linear fit and the exponential one described by Sánchez-Cano et al. [2013] give similar results. Finally, by using equation (3), an equation for the scale height, H(h,χ), is obtained for each solar cycle phase. The resulting fit coefficients, H 0 and a, from the linear fits and the standard deviation of the H 0 and a fits are shown in Table 1 . As explained above, H 0 and a come from a linear fit whose slope and intercepted values in the ordinate axis are indicated in Table 1 for each phase of the solar cycle and SZA is in degrees. The final scale heights H(h,χ) for each solar cycle phase, which were obtained from the coefficients of Table 1 , are plotted in Figure 2 . H at the peak is in black, and the green line represents altitudes up to 50 km from the peak. Including the altitude range from the main peak up to 50 km above the main peak ensures that the analysis only covers the photochemical region. The results in Table 1 and Figure 2 show a statistically significant different behavior of the neutral scale height with the solar zenith angle for each phase of the solar cycle, which produce similar results to those of Sánchez-Cano et al. [2015b] . As expected, the lowest and largest values for all altitudes are found in the low and high solar activity phases, respectively (periods B and D). The only exception is period C for high SZA (SZA > 70°) that has lower values of scale height than period B. For both moderate solar activity periods (A and C), a clearly different behavior is found with period C having a much larger dependence on the SZA. Moreover, the variation with SZA in periods A and B is relatively small, while periods C and D show a more pronounced dependence on this parameter. Figure 3 shows the resultant topside Chapman profiles of ionospheric density (equation (1)) after considering the derived neutral scale heights (Table 1 and Figure 2 ). These profiles illustrate the behavior of the ionospheric density distribution for four different SZA values (in each panel) and for the different phases 
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of the solar cycle (different line types and colors as described in the legend). The ionospheric profiles behave differently in response to each phase of the solar cycle and to SZA. Lower density values are found in the period of low solar activity (B, red solid profiles), indicating that during this period, the neutral temperature was colder than in the other three phases, as suggested by Sánchez-Cano et al.
[2015b] and Bougher et al. [2015a] . The largest electron densities are found during the high solar activity level (period D, blue dashed-dotted profiles), as a result of the more intense solar radiation flux. The periods of moderate solar activity (A and C) represent transition phases between periods B and D. Generally, there is a relatively similar behavior with SZA during periods A and B, as the profiles from the declining phase are not far from the low solar phase profiles for all SZA, while periods C and D have a larger density variation with this angle.
Behavior of the Peak of the Main Layer
The evolution of the peak electron density behavior over a full solar cycle was recently analyzed by Withers et al. [2014] . They comprehensively sampled the peak electron density of the ionosphere of Mars over 15 years by combining radio occultation data from Mars Global Surveyor (MGS) and MARSIS AIS from Mars Express. The study focussed on the analysis of the peak electron density dependence on the solar activity, using the F 10.7 index, Lyman alpha emission and the Mg II core-to-wing index. They found that the peak density increases smoothly with these parameters, and even when the selection of observations was restricted to a narrow range of SZA and latitude, a time series of electron density residuals displayed notable trends, which may indicate a dependence of peak density on season, but not caused by changes in the Mars-Sun distance [Withers et al., 2014] .
Knowing that the different solar cycle phases create significant changes in the behavior of the topside electron density profile, and in order to complement the Withers et al. [2014] analysis, our study assesses the degree of deviation of the peak characteristics, both altitude and density, with respect to a reference Table 1 . Each color corresponds to the following: black at the peak, yellow at 10 km, cyan at 20 km, red at 30 km, blue at 40 km, and green at 50 km above the main peak.
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ionosphere for each phase of the solar cycle. The empirical model of the ionosphere of Mars, called NeMars [Sánchez-Cano et al., 2013] , has been selected as a reference of the average ionospheric behavior. The model follows the Chapman formulation and calculates the electron density profile of the two main layers (photochemical region) of the ionosphere of Mars for nonmagnetized conditions (without data over regions with crustal magnetic anomalies and without data affected by solar wind induced magnetic field). The inputs of the model are the solar zenith angle, the solar activity (via the F 10.7 index), and the heliocentric distance. The main layer is based on the same data set as this study, AIS data, and the secondary layer is based on radio science data from MGS mission. In short, the modeled peak electron density of both layers depends on the SZA, F 10.7 index, and the heliocentric distance. On the other hand, the modeled peak altitude of both layers depends only on the SZA. The neutral scale height of the main layer varies with the solar zenith angle and the altitude from the peak and was obtained from Chapman fits to the observational AIS density profiles. The neutral scale height of the secondary layer is considered to be constant at 12 km. Therefore, although the model takes into account the solar activity for the peak density, it does not consider any variation with the different phases of the solar cycle. Therefore, an independent analysis of how the solar cycle affects the peak response can be made.
The aeroid altitude and the electron density of the main peak from the NeMars model have been directly compared with the peak observations of the AIS profiles. Regarding the electron density peak (Figure 4 ), the relative differences between the data and the model are close to zero for the solar cycle periods A, C, and D and can be considered inside the model uncertainty. The only exception is period B where a slight difference is found. Although the NeMars model considers the solar activity through the F 10.7 index as an input for the peak density calculation, the mean and median value of the distribution decreased by 7% with respect to the reference. The distribution shape is consistent with the other three periods but shifted to lower densities than estimated. The uncertainty in the local plasma frequency of the data is typically 3% or less , which is similar to the NeMars model [Sánchez-Cano et al., 2013] . This is smaller than the above difference of 7% for the electron density peak in period B and is, therefore, statistically significant. This result suggests that the effect of the solar activity on the peak density may also be different, at least for the low activity solar cycle phase. We note a larger data spread during period D, as indicated by the standard deviation. Regarding the peak altitude ( Figure 5 ), the statistical analysis indicates that for low and moderate solar activity phases (A, B, and C), the variations are very small: the mean and median of the relative differences are smaller than 2% (2.3 km in absolute difference) in all the cases, again inside the data error which is 6.9 km . However, in the high solar activity phase (D), a larger variation in the peak altitude was found. In particular, the altitude decreased on average by about 8% (13 km in absolute difference) with respect to the model, this difference being more pronounced for high SZA. The distribution of period D also has the most spread shape as indicated by the histogram and standard deviation. Again, this variation is small but statistically significant. This difference suggests a different behavior during this solar cycle phase, especially for high solar zenith angles, because as seen in Figure 5d , the model predicts much higher altitudes than the current data for SZA > 75°.
Behavior of Bottomside Ionosphere During the Latest Solar Minimum
The ionosphere below the main peak is strongly variable due to multiple factors, such as temperature changes, seasons, variations in the neutral atmosphere, dust storms, crustal magnetic fields, and solar flares [e.g., Withers, 2009, and reference therein] . In contrast to the vast amount of topside data that MARSIS has provided for the last decade, less information about the ionosphere below the main peak can be derived. From Mars Express, the observations of the ionospheric bottomside, or lower ionosphere, during the latest solar cycle come from the Mars Radio Science (MaRS) experiment [Pätzold et al., 2009; Peter et al., 2014] , which provides complete electron density profiles from the ionopause down to the base of the ionosphere. The MaRS data set coverage is significantly smaller than the MARSIS data set because the instrument requires an occultation (the spacecraft is occulted by Mars from the Earth's point of view), which only occurs during limited time periods (called occultation seasons) and only once per orbit [Pätzold et al., 2009] . Due to these geometrical constraints, data are recorded during occultation seasons only in the SZA range from 48 to 132°.
The MaRS data set can be used to trace the general behavior of the lower ionosphere, especially the secondary layer, during the long solar minimum. As seen in Figure 1 , the period of extreme low solar activity was characterized by an almost absolute lack of measurable solar X-rays. Short wavelength solar photons penetrate deepest into the atmosphere of Mars and, due to their high energies, create a large amount of secondary electrons in the altitude region around the secondary layer [Peter et al., 2014] . A detailed analysis of the behavior of secondary electrons can be found in Nicholson et al. [2009] . Due to the reduction of solar X-rays, a strong decrease in the ionization below the main peak is expected. To check this hypothesis, 12 radio science profiles were selected, where all profiles were observed for SZA between 71 and 82°, and in surface areas without crustal magnetic field influence, to cover the four solar activity periods ( Figure 6 and Table 2 ). Despite the high SZA conditions and the large variability always present in the lower ionosphere, the general trend observed in Figure 6 agrees with the proposed hypothesis. Electron density profiles from period B show a behavior different from that found in all other solar activity periods. The secondary layer is nearly absent, most possibly due to the absence of solar X-ray radiation, while in the other three periods, this layer is obvious. Moreover, the fast decay of density from the main peak to lower altitudes shown by these profiles from period B is similar to the fast decay of the electron density of the terrestrial E layer [Rees, 1989] .
In addition to the findings for the secondary layer, the selected MaRS data subset is consistent with the observations of the ionospheric topside in the previous sections. The MaRS profiles from period B show a clearly reduced topside density in the same manner as the MARSIS AIS data set for that period (section 3.2). Table 2 for more information. Furthermore, the density is the largest during high solar activity as expected from the previous analysis. The same is observed with respect to the peak density, where a clear reduction is found in the profiles of period B in relation to the other three solar cycle phases.
While Figures 6 and 10 of Peter et al. [2014] show that the TEC value is dominated by the amount of available ionization in the main peak, a strong reduction of the topside and lower ionosphere, as found in period B, may produce anomalously low TEC values. This topic is discussed in the next subsection.
Total Electron Content
The TEC is an estimate of the number of free electrons along the path crossed by the radar signal. Therefore, it is used to monitor the amount of ionization of the ionosphere, as well as its variability in time and space. Using the MARSIS instrument, TEC can be derived independently from both operational modes: the AIS mode provides TEC estimates only for the topside of the ionosphere by doing the integration with altitude of the electron density, while the subsurface sounding mode provides TEC for the entire ionosphere derived as a by-product from the analysis of signal distortion caused by the dispersive ionosphere [Sánchez-Cano et al., 2015a] . In principle, TEC for the entire ionosphere can be estimated measuring the time delay of the surface echo in the AIS mode, but the accuracy of this determination appears to be low [Gurnett et al., 2008] . In this subsection, we make a comparison and evaluate the differences between the full atmosphere TEC data set from MARSIS subsurface mode and the TEC data set obtained from the MARSIS AIS scale heights of section 3.1 with the help of the NeMars model. The two estimates of TEC are entirely independent.
To analyze the evolution of the TEC within the entire ionosphere across the solar cycle, subsurface TEC estimates from the Cartacci et al.
[2013] algorithm have been exploited. Figure 7 shows the daily evolution of the Martian ionospheric TEC (in blue) in the interval from the deployment of MARSIS (July 2005) to mid-2012. These data correspond to the daily average TEC evaluated during the dayside, i.e., SZA between 60 and 79°. Data only close to the terminator region have been selected as the most accurate as are assessed by Sánchez-Cano et al. [2015a] . A threshold has been applied to the signal-to-noise ratio (SNR) such that only data with a SNR ≥ 25 dB are used. This conservative approach is due to the fact that for a lower SNR, the accuracy of the TEC estimation could be affected by signal degradation. Note that when the radar works in the subsurface mode, it cannot take measurements throughout the full dayside because the carrier frequencies are smaller (or of the same order of magnitude) than the plasma frequency, and therefore, the radar signals do not penetrate properly into the ionosphere [Sánchez-Cano et al., 2015a] . This leads to strong signal phase distortion and consequently substantial losses in terms of SNR. As observed in Figure 7 , the daily TEC is strongly influenced by the heliocentric distance of Mars, illustrated by the sinusoidal shape of the curve and the general trend which evidently follows the EUV solar radiation pattern (Figure 1c) , as expected. Moreover, the solar cycle phases also play an important role in the global TEC, which is clearly reduced during period B and increased during period D, both with respect to the moderate solar cycle phases.
The NeMars model was run for the daily conditions of all observations used for Figure 7 in order to make a comparison and evaluate the differences obtained with respect to the full atmosphere TEC obtained from MARSIS subsurface data set. Since the neutral scale height of NeMars does not take into account any solar cycle phase considerations, apart from the variation in F 10.7 of the peak density, the four new neutral scale heights obtained in this study (see section 3.1) have replaced the original one in the corresponding time periods. Moreover, according to section 3.2, a peak density reduction of 7% and a peak height reduction of 8% were included for periods B and D, respectively. Regarding the bottomside (or lower ionosphere), for both moderate and high solar activity phases, it was decided to run the NeMars model without any modification. For the case of the low solar activity phase (period B), however, there is some evidence of a significant reduction of the bottomside main ionospheric layer in the MaRS data subset. Consequently, the NeMars model has been run with the new scale height for this solar phase and with only the main layer in this period. Figure 7 shows the modeled TEC (red line), which was obtained from a numerical integration of the model electron density distribution in altitude. The black lines correspond to the calculated TEC from the scale height with added standard deviation shown in Table 1 . Note that the steps between periods in the modeled TEC are an artifact of dividing the interval into four subintervals. Taking into account that the uncertainty of the plasma frequency and altitude of the AIS data set is typically 3% or less and 6.9 km, respectively, and that the sensitivity of the derived TEC from subsurface mode is about 3. that the empirically modeled scale height of each period from the AIS data (section 3.1) is consistent with independent empirical observations, i.e., subsurface-derived TEC.
Some specific differences are, however, noticeable. The agreement in period A (moderate solar activity, declining phase) is the best of the four periods for all four solar zenith angle ranges. In period B (low solar activity phase), the agreement is very good especially from the end of 2007 to the start of 2008, for Figure 7 . TEC of the full ionosphere measured by MARSIS in the subsurface mode (blue) over the full solar cycle covered by MARSIS instrument. TEC corresponds to the daily average value evaluated during the dayside, i.e., solar zenith angles between 60 and 79°, and only considering data with a SNR ≥ 25 dB. In this figure, subsurface data set starts on 4 July 2005 and finishes mid-2012. Additionally, the modeled TEC of the two main layers in the ionosphere has been plotted (red line), after considering in each period the new neutral scale heights. As described in the text, note that only the main layer has been considered during the period of low solar activity. The model was run for the mean solar zenith angle in each period showed in the figure. The black lines stand for the TEC calculated from the scale height standard deviation shown in Table 1 . The yellow and salmon lines of period C correspond to an extrapolation of the model curves of period B.
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SZA < 75°. This is a clear indication that the ionization under the main peak disappeared in a permanent form during that time due to a lack of X-ray radiation produced at the Sun since the secondary layer is not included in the model. For SZA > 75°, although the agreement is not bad, the subsurface TEC is smaller than the model, which can be explained by a larger bottomside reduction (including the main layer bottomside), which by design the model does not consider, or a larger reduction in the scale height of the main layer which was not indicated by data from the MARSIS AIS mode. However, the largest differences are observed during 2009 for lower SZAs (<75°). In this case, the model provides lower values by up to about 0.2 · 10 16 m À2 than the data retrieved from the subsurface sounder.
In period C (moderate solar activity, ascending phase), for solar zenith angles higher than 70°, both data sets agree well. For lower solar zenith angles, however, a notable discrepancy is found from the beginning until mid-2010. It seems that the full ionospheric TEC followed a similar trend to that during the low solar activity period, with the yellow and salmon colored lines which correspond to an extrapolation of the model of period B. This suggests either a smaller scale height, not obtained from the AIS profiles in this period, or a lower ionization in the bottomside. However, in principle, a "normal" behavior for the bottomside is expected since the X-rays and EUV solar flux were clearly increased with respect to period B, the lowest levels (see Figure 1 ). It is likely that this is more a result of dividing the interval into four subperiods. The real transition between periods will have been more gradual than the modeled one, which by design cannot predict the transition period behavior.
Finally, in period D (high solar activity phase), although there is not a large number of available data, the agreement is reasonable. The more pronounced differences appear again just at the start of the period, where the largest subsurface TEC of the whole interval is observed but not reproduced by the model. This could be a consequence of the Mars Express trajectory, as these data were recorded mostly during April 2011, when the spacecraft was traveling over the Southern Hemisphere and lower latitudes of the Northern Hemisphere. The high values of the TEC estimates could be related to the interaction of the ionosphere with the local magnetic field, mainly localized in the Southern Hemisphere. As Cartacci et al. [2013] demonstrated, regions of enhanced TEC preferentially correspond to areas of high magnetic field intensities where the field lines are quasiperpendicular to the Martian surface. In the particular case of SZA between 70 and 79, the TEC and SNR were high, while for higher values of SZA, the distortion increases and the SNR drops rapidly. On the contrary, the AIS-derived neutral scale heights were calculated from AIS data away from these magnetized regions.
Ionospheric Temperature Evolution With Solar Cycle
The average temperature of the medium for a given altitude is a useful by-product of the scale height and is easily derived from equation (2). Taking advantage of the four neutral scale heights obtained in this study (Table 1) , the typical neutral temperature during the solar cycle has been calculated. This definition is only valid for a medium in hydrostatic equilibrium, with a constant temperature, and supposing that the observed electron density mirrors the neutral temperature and is not influenced by the ion or the electron temperatures. In the case of Mars, this is only valid in the so-called photochemical region, i.e., altitudes below 170-200 km. Therefore, in order to avoid nonphysical results, the neutral temperature was derived from the neutral scale height only at the altitude of peak ionospheric densities, typically 130 km. To do this, the mass of CO 2 (main neutral component) and Mars's gravity at the peak altitude were used.
Moreover, primary information of the temperature of the plasma components (ions and electrons) can also be retrieved for the very closest region to the peak. This temperature can affect both the chemistry and dynamics of the plasma and is a key factor for ionospheric modeling. For example, for higher plasma temperatures, the photochemical recombination rate decreases, and therefore, the plasma scale height increases because the ion production rate dominates over the ion loss rate. The plasma scale height, Hp, can be calculated from equation (4), which basically gives the slope of the electron density profile in altitude
where h is the altitude and N is the electron density. The procedure for obtaining Hp along the solar cycle was as follows: the main layer profile was reconstructed by using the empirical model NeMars, based on the Chapman formulation, and previously described. To run the model, the NeMars neutral scale height was replaced by the four new empirical neutral scale heights calculated in section 3.1 for each period of the solar
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cycle. For periods B and D, according to section 3.2, a peak density reduction of 7% and a peak height reduction of 8% were included, respectively. Then, the best linear fit of the closest region to the peak of the modeled profiles (in logarithm scale) was made for the altitude region between the peak and the height where the electron density was reduced by 25%. The 25% density reduction is reached, generally, between 20 and 30 km above the peak (within the photochemical region). From these best fits, the slope provides the plasma scale height as described in equation (4). Finally, the plasma temperature (electrons and ions) can be derived from equations (2) and (4), after considering that O 2 + is the major ion at the main peak altitude, as Mars Atmosphere and Volatile EvolutioN (MAVEN) mission has recently confirmed [Bougher et al., 2015b] . Figure 8 shows the evolution of the average neutral and plasma temperatures at the peak region derived from both scale heights during the solar cycle. In both cases, four different SZAs have been considered. Note that as in the TEC case, the steps between periods are due to the divisions applied in the solar cycle to model the neutral scale height. Regarding the neutral temperature, a constant value for the peak altitude is obtained in each solar cycle phase because this parameter comes directly from each of the four scale heights obtained in section 3.1. Therefore, this temperature should be treated as the average temperature of each solar phase. Nevertheless, a variation with the Sun-Mars distance is expected, similar to the one showed in the Bougher et al.
[2015a] solar activity/season temperature maps. On the other hand, the plasma temperature (ions and electrons) is a useful by-product obtained from an observations-model combination. Consequently, Figure 8b shows that the plasma temperature has a variation with solar activity and heliocentric distance, because the peak electron density in the NeMars model depends on them.
Globally, both temperature variations are similar to the solar cycle variation (Figure 1 ). This is a notable result since this plot was obtained from the independent analysis of the scale height, which means directly from AIS data, and not from the solar radiation flux data (Figure 1 was used to split the data, but not used as input). It is clear that both temperatures have the highest and lowest values at the high and low solar activity phases, respectively. This fact corroborates the findings of Sánchez-Cano et al. [2015b] , which indicate that Earth and Mars have a similar response to changes in the solar cycle. The only exception is period C for high SZAs where a very close variation to the period B is found in the plasma population, as well as a further Figure 8 . Evolution of the average (a) neutral and (b) plasma, electron, and ion temperatures at the peak ionospheric region derived from both the neutral and plasma scale heights, respectively, with solar cycle. In both cases, four different solar zenith angles have been plotted as indicated in the legend.
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cooling of the neutral component. This cooling of 10 K in period C is directly related to the neutral scale height observations (Figure 2) , where close to the terminator (SZA > 75°) the neutral scale height at the peak (black lines in Figure 2 ) is smaller than in other periods. Therefore, as T and H are directly proportional (equation (2)), the lower the scale height, the smaller the temperature. Finally, we highlight a significant temperature variation with SZA only for the ascending and high phases of the solar cycle (periods C and D). Recall that the temperature behavior comes from the scale height, and, therefore, it is similar to the behavior of the scale height shown in Figure 2 (black lines). The difference, on average, reaches 50 K for SZA between 40 and 70°.
More specifically, the temperatures shown in Figure 8 are consistent with previous observations. The neutral temperatures obtained for the period A corroborate observations from Ultraviolet and Infrared Atmospheric Spectrometer (SPICAM) Mars Express data in the first years of the Mars Express mission [Leblanc et al., 2006] , where the average temperature deduced from dayglow emission scale heights between 150 and 190 km was 201 ± 10 K, without any significant variation with respect to the SZA. Figure 10 of Leblanc et al. [2006] indicates that the neutral temperatures derived from the SPICAM data are almost the same as those obtained in this work. Similarly, our results are comparable to those shown in Forget et al. [2009] at 130 km. Regarding the low phase of the solar cycle (period B), our findings are consistent with those obtained from missions in previous solar minima.
From the aerobraking phase of MGS, a temperature of 200 K was derived above 150 km for the dayside [Keating et al., 1998 ], not far from the 185-200 K derived from the Vikings' measurements [Hanson et al., 1977] . In the ascending phase of solar cycle (period C), the results are similar to those based on MGS orbital period changes where the temperatures varied between 180 and 320 K for the period 1999-2005 [Forbes et al., 2008] . Finally, for the high solar cycle phase (period D), Stewart [1972] , using dayglow emission scale height data from Mariner 6 and Mariner 7, indicated that the observed CO Cameron band emission scale height of 19 km suggested an exospheric temperature of 315 ± 75 K. And modeling of the ionosphere composition based on the observations results in a variation between 278 and 390 K at 135 km of altitude. Therefore, our results, although a bit lower, are in the range of those obtained by Stewart [1972] . A complete summary of all the available neutral temperature data can be found in Stiepen et al. [2015] . Regarding neutral temperature values obtained by modeling, Bougher et al. [2015a] using the Mars global ionosphere-thermosphere model (MGITM) recently simulated the solar cycle variations of the Mars upper atmosphere. They predicted a solar cycle variation of the maximum temperature in the dayside between 215 and 350 K at 200 km of altitude. Taking into account that our study focused at the peak altitude (on average 135 km), the results are consistent with the Bougher et al.
[2015a] findings, although we find for high solar activity a more moderate neutral temperature.
Regarding the plasma temperature, our results of low solar activity phase are in good agreement with the two single ion temperature profiles measured by the descending module of both Viking spacecraft [Hanson et al., 1977; Hanson and Mantas, 1988] , as can be extrapolated from Figure 10 in Hanson et al. [1977] and Figure 4 in Hanson and Mantas [1988] . For high solar activity phase, our results can be compared to the recent MAVEN measurements of electron temperature. Ergun et al. [2015] show that for 15°of solar zenith angle, the electron temperature is~0.052 eV at 130 km (~600 K). We expect that our results are lower than this quantity, as we are only analyzing SZA > 40°. Taking this into account, our results are in agreement to those of MAVEN shown in Ergun et al. [2015] , if for the peak region the ion temperature is approximately equal to the electron temperature as the Viking landers recorded [Hanson et al., 1977; Hanson and Mantas, 1988 ]. An indirect comparison can also be done from the radio occultation profiles acquired by Mars Global Surveyor mission. In a recent paper, Cui et al. [2015] derived the electron temperature at the peak of the electron production, which varied between 320 K and 570 K between 1998 and 2005. The study presented in this paper focuses on the electron plus ion temperatures, which are consistent with the Cui et al. [2015] results if, as before, both electron and ion temperatures are considered approximately equal at the peak region.
Pressure Balance and Induced Magnetic Field During the Latest Solar Cycle
The solar wind interaction with nonmagnetic planets/bodies, like Venus, Mars, or Titan, has been largely postulated and empirically confirmed by missions [e.g., Russell and Vaisberg, 1983; Cravens, 1989, 1992; Zhang and Luhmann, 1992; Bertucci et al., 2005; Dubinin et al., 2008; Edberg et al., 2008 Edberg et al., , 2009 Akalin et al., 2010; Bertucci et al., 2015] . In general, when the solar wind finds a nonmagnetized obstacle, a bow shock is formed in the flow and the solar wind plasma continues to slow down (in the magnetosheath) as it
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approaches the ionopause [Cravens, 1997] . The flow stagnates just upstream of the subsolar ionopause, and the dynamic pressure is converted into thermal pressure, as described by the following set of equations:
where P sw represents the solar wind dynamic pressure, P B the magnetic field pressure due to the solar wind, and P th the thermal pressure of the ionosphere. In addition, the constant, 0.85, in equation (6) depends on the ratio of specific heat for the hypersonic solar wind flow; ρ is the solar wind density calculated as ρ sw = 1.18 · n · m, where n and m are proton density and mass, respectively. The factor 1.18 accounts for the helium abundance in the solar wind, which is about 4.5% [Zhang and Luhmann, 1992 , and references there]; u is the speed of the solar wind, χ is the solar zenith angle, B is the magnetic field magnitude due to the solar wind, μ 0 is the magnetic permeability in the vacuum, N e is the ionospheric electron density, K B is the Boltzmann constant, and T e and T i are the electron and ion temperature, respectively.
As the flow slows down, magnetic field lines "pileup" outside the ionopause. Theoretically, as described in Cravens [1997] (or in any other general basic reference), the ionosphere from the point of view of the balance of pressures can exist in two states: (1) unmagnetized or (2) magnetized. The first state (unmagnetized ionosphere) seems to occur whenever the solar wind dynamic pressure is substantially less than the maximum ionospheric thermal pressure (thermal pressure at the peak of the ionosphere). This is the most common state of the ionosphere of Mars. Here the ionopause can be treated as a tangential discontinuity at which the magnetic pressure on the magnetic barrier side balances the ionospheric thermal pressure (P B = P th ). In this situation, B is the strength of magnetic field at the bottom of the magnetic barrier. In the case of Venus, it was empirically demonstrated that the peak magnetic pressure in the magnetic barrier is approximately equal to the solar wind dynamic pressure upstream of the bow shock [Russell and Vaisberg, 1983] . The second state (magnetized ionosphere) seems to occur when the solar wind dynamic pressure is comparable to or greater than the maximum ionospheric pressure (at the peak of the ionosphere). In this case, an induced magnetic field is expected at ionospheric altitudes because the thermal pressure is no longer sufficient to balance the solar wind pressure. Therefore, the ionopause should be found closer to the planet and in a wider altitude interval than in the unmagnetized state.
The objective of this section is to investigate in which parts of the solar cycle the ionosphere were weaker in relation to the solar wind dynamic pressure and, therefore, the possibility of being in a magnetized state more easily in comparison to other periods.
Some previous evidence was found for the period of low solar activity by Sánchez-Cano et al. [2015b] . They showed with a case study that the differences in both electron density and neutral scale height observed during the period of extreme low solar activity in 2008 and 2009 were most probably due to the presence of an induced magnetic field at lower ionospheric altitudes than in the other phases of the solar cycle. The probability of existence of any of these two ionospheric states during the last solar cycle is here analyzed by comparing the solar wind dynamic pressure and the maximum thermal pressure over the time, since, as theoretically described above, the topside ionosphere shape depends on the balance between them. Therefore, if the relationship between these two parameters is smaller, the ionosphere will be more compressed and the topside scale height will be reduced. Figure 9a shows the solar wind pressure at Mars's location during the last solar cycle. This parameter was calculated for different SZAs by using equation (6). Data come from the ACE satellite (up to 23 August 2011 because a radiation and age-induced hardware anomaly altered the instrument's operational state of the ACE satellite) and from OMNI (Operating Missions as a Node on the Internet) (from 23 August 2011 to the end), both at 1 AU. To extrapolate them to Mars, the proton density (n) was normalized by the square of the Mars-Sun distance, and the solar wind speed (u) was considered to not vary substantially with radius [Zhang and Luhmann, 1992] and is assumed to be that at 1 AU. We note that this is the first approximation to the real value of the solar wind pressure at Mars because it is not necessary that the solar wind pressure behavior has to be similar at the two planets when they are not aligned. Nevertheless, since there are no
accurate measurements of the solar wind pressure at Mars for the entire solar cycle (daily) yet (work currently in progress by Analyzer of Space Plasmas and Energetic Atoms Mars Express team (ASPERA-3)), this is the only approach that can be done for this interval. In Figure 9b , the peak thermal pressure (maximum P th, at the peak of the ionosphere) during the last solar cycle is shown. This parameter was calculated for different SZAs by using equation (8), where (T e + T i ) comes from the plasma scale height (equations (2) and (4)). For periods B and D, according to section 3.2, a peak density reduction of 7% and a peak height reduction of 8% were considered, respectively. These two kinds of empirically derived pressures are in full agreement with previous results [see, e.g., Zhang and Luhmann, 1992] . Therefore, as described above, from the difference between these two pressures, the relationship between them can be obtained, and thus, in which periods, a Figure 10 suggests that the entire Martian plasma system behavior with solar cycle is consistently driven by the relationship between the solar wind dynamic pressure and the maximum thermal pressure of the ionosphere, as the total electron content within the atmosphere closely follows the variation in the difference between the two pressures. Moreover, Figure 10 also indicates the good agreement between two totally independent data sets, such as MARSIS AIS mode and MARSIS subsurface mode data sets. In general, the pressure relationship was weaker when Mars was at a larger distance from the Sun, being the weakest in the year 2008 for all considered SZA. The combination of a very low solar flux plus the farthest orbital distance caused the weakest ionosphere of the solar cycle to compete with the solar wind pressure, which did not change significantly. Evidence of this weak ionosphere has been widely shown in this study with AIS and subsurface MARSIS and radio occultation data sets, and in previous studies such as Sánchez-Cano et al. [2015b] . On the other hand, we note that the solar wind dynamic pressure scaled to Mars was not at its absolute minimum, which occurred in 2010 (see Figure 9a) . We conclude that during the low solar activity period, the ionosphere may have been in a more continuously magnetized state than in other periods. The induced magnetic field pressure, even if weak, was closer to the ionospheric pressure (which was the weakest of the solar cycle) allowing the field to penetrate to lower altitudes. Therefore, the ionopause could be found at lower altitudes and, as a consequence, the topside ionosphere had the most reduced H of the solar cycle. This is confirmed by the lower scale height of Figure 2 , as well as by-products of the scale height: the lower density of Figures 3 and 4 , the lowest temperatures of Figure 8 , and the lowest thermal peak pressure of Figure 9b . Furthermore, this is also confirmed with independent data sets such as the extreme reduction in TEC data given by MARSIS in the subsurface mode ( Figure 7 ) and the radio occultation profiles of Figure 6 .
Discussion
Since the Sun is the main source of ionization in the Martian upper atmosphere, a different response in the ionization distribution with altitude is expected for the different phases of the solar cycle. Until now, our information has been limited by the amount of data and by the strong planetary coverage restrictions of the radio occultation data sets. Therefore, only now, after over 10 years of Mars Express data, it is possible to analyze the ionospheric response to changes in the solar activity during a solar cycle with the same data set and with an almost complete planetary coverage. This ionospheric reaction can be analyzed from many different points of view. Here we have focused on the neutral scale height since it can be retrieved easily from the Chapman formulation and gives important information of the neutral distribution at ionospheric altitudes. Furthermore, many important by-products can be obtained, inter alia, the TEC, the medium's temperature, or the thermal pressure. The neutral scale height shows a clear evolution with the solar cycle. While there is almost no variation with the solar zenith angle for the moderate-descending phase and the low solar phases of the solar cycle, the neutral scale height shows large changes with this parameter for the moderate-ascending and high solar activity phases. As a consequence, the neutral and plasma temperatures during the two first periods corroborated previous Mars Express findings: the temperature had virtually no variation with the solar zenith angle. On the other hand, larger temperature changes with solar zenith angle for both neutral and ionized gases are found in the two latest periods. Moreover, similar to the Earth case, the coolest ionosphere and warmest ionosphere were found in the extreme phases of the solar cycle: low and high, respectively. In general terms, if Figures 1 and 8 are compared, both types of derived temperatures from the scale height study follow the solar cycle pattern.
The interaction between the solar wind and the colder Martian plasma can be analyzed as a useful byproduct of the neutral scale height. From this scale height, the plasma pressure is easily derived for the peak of the ionosphere, and the maximum thermal pressure of the ionosphere can be estimated, which has a direct dependence on the ionization, created by the solar flux. When the thermal pressure is strong enough to compete with the solar wind pressure, the ionosphere is in normal conditions. However, if this relationship is of the same order of magnitude, the induced magnetic field pressure can have an important role at ionospheric altitudes and reductions in the scale height can be produced. Some evidence of this relationship was observed in the previous work of Sánchez-Cano et al. [2015b] , where a general density reduction was found for low solar activity, mostly due to a recurrent-induced magnetic field in the ionosphere. Although it is not possible to absolutely confirm that the ionosphere was in this state during the low solar activity period, there is clear evidence that at least, this was the time when the solar and thermal pressures had the weaker relationship. Therefore, it is possible to state that during the low solar cycle phase, the ionosphere of Mars had the highest probability to be in a magnetized state and is reflected in the scale height reductions observed in several data sets from Mars Express, such as MARSIS AIS, MARSIS subsurface, or radio occultation. As can be extrapolated from Figure 10 , the full ionosphere TEC measured by MARSIS in the subsurface mode closely follows the shape of the daily pressures relationship.
The neutral scale height is an important parameter to describe the behavior of the density distribution in the ionosphere, which, in turn, can be a dynamic indicator of the solar wind-Martian plasma interaction, as well as of the temperature of the medium. The period of low solar activity deserves a significant mention. Here a major density reduction was found in the ionospheric topside mostly due to the reduction in the EUV. Furthermore, the extreme reduction in solar X-ray flux could have caused an almost permanent absence of the secondary layer, as observed by MaRS instrument. Despite the limited observations, the analysis of the TEC daily evolution in Figure 7 and the pressure relationship between dynamic solar wind pressure and maximum thermal pressure (calculated from AIS data set) in Figure 10 show that this scenario is totally realistic and consistent with MaRS, as the predicted TEC by the model and the MARSIS subsurface observations agree with this hypothesis. Additionally, this is somehow confirmed by the recent work carried out by Ao et al. [2015] , which has provided the first demonstration of cross-link occultation density profiles between two different spacecraft, the first time that this happens at a planet other than Earth. The series of three cross-link occultation experiments were acquired between the Mars Odyssey and Mars Reconnaissance Orbiter spacecraft in September 2007 with solar zenith angles between 40 and 53°, much lower than the ones that we show in this study. The three profiles that they show correspond to the transition time between periods A and B in our study. Therefore, any comparison should be treated like profiles with transition characteristics between both periods. As observed in Ao et al. [2015] , the secondary layer totally disappeared in one of the profiles (the one which has a more reduced topside).
The work presented in this paper is totally consistent with the general interaction of the solar wind with nonmagnetic bodies. At Venus, as at Mars, the solar wind interaction with the planet is strongly dependent on the phase of the solar cycle [e.g., Alexander and Russell, 1985; Zhang et al., 1990; Russell et al., 2006; Bertucci et al., 2011] . At solar minimum, the Venusian bow shock and ionopause are found to be closer to the planet than at solar maximum. The dayside ionosphere is smaller in altitude, and its ionopause density gradient is not so clearly defined during solar minimum whereas the density gradient is rather sharp at solar maximum [Knudsen et al., 1987] . Moreover, during solar minimum, there is a higher probability that the ionosphere becomes magnetized [e.g., Russell et al., 2006] like at Mars.
A thorough survey of the whole MaRS observations for both layers and their dependence on solar flux is currently under development. Future studies will expand this work by including more recent data during the Journal of Geophysical Research: Space Physics
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high solar activity phase, as well as numerical simulations in order to better understand the global ionospheric response during a complete solar cycle.
Conclusions
We here list the main conclusions derived from this study.
1. Multiple data sets have been utilized in this study, such as the Mars Express MARSIS radar in its Active Ionospheric Sounding (AIS) mode, the Mars Express MARSIS radar total electron content (TEC) derived from the subsurface operational mode, the Mars Express MaRS instrument, and the solar wind moments derived from Earth-based satellites: TIME-SEE, ACE, and OMNI data set. 2. The neutral scale height behavior of the main layer of the ionosphere of Mars in the photochemical region has different characteristics in each phase of the solar cycle 23/24. 3. During the low solar activity period, a major density reduction was found in the ionospheric topside mostly due to the reduction in the EUV flux. The largest topside densities, however, are found in the period of high solar activity, in accordance with the EUV intensification. 4. For the moderate-descending low solar activity phases of the solar cycle (A and B), the neutral scale height does not show any pronounced variation with the solar zenith angle. Therefore, neutral and plasma temperatures and plasma pressure have a similar behavior with respect to solar illumination. 5. For the moderate-ascending and high solar activity phases of the solar cycle (C and D), a larger dependence on the solar zenith angle is found, and therefore, neutral and plasma temperatures and plasma pressure have a similar behavior. 6. The main peak density is, on average, 7% statistically significant lower in low solar activity phase than in the other three periods. 7. The main peak altitude is, on average, an 8% statistically significant lower (13 km in absolute difference) in high solar activity period than in the other three phases. 8. The extreme reduction in X-rays solar flux during the period of low solar activity produced a significant reduction of the bottomside of the main layer, as well as an almost permanent secondary layer absence. 9. When the relationship between the solar dynamic pressure at Mars and the maximum thermal pressure of the ionosphere along the solar cycle was at its weakest, there was a larger probability of having the ionosphere in a more magnetized state. This is manifested in a more reduced topside density profile. 10. The total ionospheric TEC shape follows the nature of the pressure relationship between the solar wind and the maximum thermal pressures (Figure 10 ).
